Littel, R. J.; Versteeg, G. F.; van Swaaij, W. P. M. On the kinetics of COS with primary and secondary amines in aqueous solutions. Absorption experiments of COS into aqueous solutions of MDEA and DEMEA at 303 K have been carried out in a stirred cell reactor. An absorption model, based on Higbie's penetration theory, has been developed and applied to interpret the absorption experiments, using the kinetic data obtained in part 1 of the present work. Experimental and calculated absorption rates agreed reasonably well at relatively low amine concentrations but deviated increasingly with increasing amine concentration. These deviations must very probably be attributed to an underestimation, by the COS-N20 analogy, of the COS solubility in rather concentrated amine solutions. The absorption model has been applied to investigate the discrepancies between the present work and kinetic data for MDEA reported in the open literature. It has been shown that these discrepancies were possibly due to small amounts of rapidly reacting contaminants.
Introduction
In part 1 (Littel et al., 199213) kinetic data have been presented for the reaction of COS with aqueous solutions of triethanolamine (TEA), methyldiethanolamine (MDEA), dimethylmonoethanolamine (DMMEA), and diethylmonoethanolamine (DEMEA) at various temperatures. These kinetic experiments were carried out in an intensely stirred batch reactor. On the basis of experiments in aqueous and nonaqueous solutions, a reaction mechanism for the reaction of COS with tertiary amines has been proposed which can be regarded as the basecatalyzed analogue of the reaction mechanism proposed by Philipp and Dautzenberg (1965) for the COS hydrolysis.
The observed overall reaction rates were about a factor of 30 lower than those reported by Al-Ghawas et al. (1989) for the absorption of COS into aqueous MDEA solutions in a wetted sphere absorber. In this article experimental data are presented for the absorption of COS into aqueous solutions of MDEA and DEMEA which were obtained by means of the stirred cell technique. The amine concentrations applied in these absorption experiments were substantially higher than those used in part 1. An absorption model, based on Higbie's penetration theory, was developed to interpret the absorption experiments, using the kinetic data obtained 0888-588519212631-1269$03.00/0 in part 1 (Littel et al., 1992b ). The absorption model was also applied to investigate the discrepancies between the present work and the kinetic data reported by Al-Ghawas et al. (1989) .
Experimental Section
The kinetic experiments for MDEA and DEMEA were carried out in a stirred cell reactor. The experimental setup and procedure have been described in detail elsewhere (see, e.g., Blauwhoff et al., 1984) .
For the interpretation of the kinetic experiments solubility and diffusivity data are required which generally cannot be measured in a direct way in a reactive system. The solubility data were estimated by means of a COS-N,O analogy (Littel et al., 1992a) . This analogy appears to be valid only for relatively diluted aqueous solutions (Littel et al., 1992a , which might result in an underestimation of the COS solubility for the amine solutions applied in the present work. Solubility data for N20 in aqueous MDEA and DEMEA solutions were reported by Versteeg and van Swaaij (1988b) and Littel et al. (1992a) , respectively. The diffusivity of COS in amine solutions was calculated from the COS diffusivity in water with the help of the modified Stokes-Einstein relationship developed by Versteeg and van Swaaij (198813) . The COS diffusivity in water at 303 K was estimated from the COS diffusivity at 298 K (Littel et al., 1992a) , assuming the same activation energy as reported by Versteeg and van Swaaij (1988b) for the diffusivity of COP in water.
MDEA and DEMEA were obtained from Janssen Chimica (purity %+%) and were used as received. Chemical analysis of the pure tertiary amines showed that the remaining 1 % impurities consisted primarily of water. COS with a minimum purity of 97.5% was obtained from UCAR.
Modeling
In order to interpret the kinetic experiments an absorption model has been developed, based on Higbie's penetration theory.
The reaction scheme which has been incorporated in this flux model is given by reactions 1-4. The finite rate COS + H20 + R3N HC02S-+ R3NH+ (1) HC02S-+ HzO + R3N F? HS-+ HC03-+ R3NH+ (2) (3) (4) reactions 1 and 2 represent the reaction mechanism proposed in part 1 (Littel et al., 1992b) for the reaction between COS and a tertiary amine in aqueous solutions. Reactions 3 and 4 are equilibrium reactions and are assumed to be instantaneous with respect to mass transfer.
Considering the very low overall reaction rates (Philipp and Dautzenberg, 1965) , the direct reaction between COS and OH-was not taken into account.
For each component i the following mass balance applies:
with initial and boundary conditions:
(8) For the nonvolatile components the right-hand side of boundary condition 8 is equal to zero. The values for ci,b& in eqs 6 and 7 follow from the assumption of equilibrium conditions in the liquid bulk. Equilibria, which were taken into account for the calculation of the equilibrium compositions in the liquid bulk, are summarized in Table I . The production terms figuring in eq 5 are specified for each component in Table 11 .
The set of nonlinear coupled partial differential equations 5-8 was solved numerically by means of a discretization technique. Extensive information concerning the numerical treatment can be obtained elsewhere (Cornelisse et al., 1980; Littel et al., 1991) .
Solving eqs 5-8 yields concentration profiles for each component. Also the contact time averaged COS absorption flux can be calculated and this calculatad absorption flux can be compared to the experimentally measured absorption flux. Although high-purity tertiary amines were used, additional care was taken to avoid any influence on the absorption flux of small amounts of rapidly reacting contaminants. Therefore a minimum amine conversion of at least 0.5% was applied in all absorption experiments. In order to evaluate the effect of the chemical reaction rate on the absorption rate, only absorption experiments in which at least some enhancement due to reaction occurred were taken into account. This requirement put a lower limit to the amine concentrations applied.
The experimentally observed absorption rates were compared to absorption rates calculated with the absorption model. Only independently determined data were applied as input data in these model simulations. The kinetic data used in the model calculations were those reported in part 1 of the present work (Littel et al., 1992b) , which were determined from absorption experiments in an intensely stirred batch reactor. The calculated en-z Tables I11 and IV for DEMEA and MDEA, respectively. A typical concentration profiie calculated with the absorption model is presented in Figure 1 .
For DEMEA, comparison of experimental and calculated enhancement factors shows that the agreement be- tween experiment and simulation is acceptable at low amine concentrations. However, a considerable difference exists at high amine concentrations and the difference between experiment and simulation increases with increasing amine concentration. These observations are illustrated by Figure 2 , which shows the ratio between experimental and calculated absorption flux as a function of the amine concentration. The same observations hold for the kinetic experiments with aqueous MDEA solutions as is shown by Figure 3 . Tables I11 and IV and Figures  2 and 3 show a good reproducibility of the experimental data. Tables I11 and IV . At the lower amine concentrations, however, these enhancement factors are only slightly higher than 1, which indicates that the absorption rate is only partially determined by the chemical reaction. Therefore the calculated absorption rates are not very sensitive to the exact values for the chemical reaction rate constants.
In judging the observed differences between experiment and model calculation, the reliability and influence on the calculated absorption flux of the various input data and assumptions underlying the model calculations should be considered. Extensive model simulations showed that the forward reaction rate of the first step of the proposed reaction mechanism for COS with tertiary amines (reaction 1) is entirely rate determining under the conditions and amine concentrations applied in the stirred cell experiments. Particularly the forward reaction rate constant of the fiit step of reaction 1 could be determined accurately with the experimental technique described in part 1 (Littel et al., 1992b) . Since the forward reaction rate of reaction 1 is entirely rate determining, the influence of the equilibrium constants Kcosl and Kcos2 (see Table I ) on the calculated absorption flux is negligible and the uncertainty in the exact value of these equilibrium constants is not important. Hence, the observed differences between experiment and calculation do not stem from flaws in kinetic or equilibria data.
Diffusivity and solubility are physical input data which have a definite influence on the calculated absorption rate.
The estimation method of the COS diffusivity in aqueous amine solutions seems to be susceptible to minor inaccuracies. However, the absorption rate is proportional to D112 and the observed differences between experimental and calculated absorption rates at high amine concentrations would result from an (unreasonable) underestimation of the COS diffusivity of more than a factor of 4.
The COS solubility in aqueous amine solutions is estimated by means of a COS-N20 analogy. Physical absorption experiments in aqueous solutions of ethylene glycol and sulfolane suggested that this analogy is only valid for relatively diluted aqueous solutions and tends to underestimate the COS solubility considerably at higher concentrations (Littel et al., 1992a) . This was confirmed by kinetic experiments of COS in aqueous solutions of primary and secondary amines (Littel et al., 1992~) . In the present work rather high amine concentrations were applied because the low forward reaction rate constant of reaction 1 put a lower limit to the amine concentration. The observed absorption rate is proportional to the COS solubility, and the differences between experimental and calculated absorption rates would result from an underestimation of the COS solubility of about a factor of 2 at the highest amine concentrations applied. The underestimation of the COS solubility in rather concentrated amine solutions seems a very reasonable explanation for the differences between experimental and calculated absorption rates and the trend in these differences as shown in Figures 2 and 3. The absorption model can also be used to estimate COS solubilities from the present absorption experiments. The calculated COS solubilities have been plotted in Figure 4 as a function of the amine concentration. The solubilities are shown, at first, to decrease slightly with increasing amine concentration, and subsequently they increase substantially with a further increase of the amine concentration. This general pattern is for DEMEA stronger than for MDEA. The same general pattern has been reported for the N20 solubility in aqueous amine solutions, although the minimum in the solubility is usually observed at rather high amine concentrations (see, e.g., Venteeg and Oyevaar, 1989) . For aqueous DEMEA solutions at 333 K this minimum in the N,O solubility is already observed at about 0.5 M (Littel et al., 1992a) .
Discussion of Work of Al-Ghawas et al. (1989).
Recently Al-Ghawas et al. (1989) presented kinetic data for the reaction between COS and aqueous MDEA solutions at temperatures ranging from 293 to 313 K. AU their kinetic experiments were carried out in a wetted sphere absorber which is a continuously operated model reactor characterized, in general, by higher specific mass-transfer rates than the stirred cell reactor. Al-Ghawas et al. (1989) reported that the observed absorption rates were considerably enhanced by chemical reaction. They observed that the chemical reaction rate was first order in both amine and COS concentration and proposed a reaction mechanism which is identical to the first step (reaction 1) of the reaction mechanism proposed in part 1 (Littel et al., 1992b) . The reaction rates reported by Al-Ghawas et al. (1989) were considerably higher than those observed in the present work. They found no evidence for the Occurrence of the hydrolpis of COS toward H@ and COP Al-Ghawas and Sandall (1991) applied the kinetic data reported by Al-Ghawas et al. (1989) to describe experiments for the simultaneous absorption of H2S, COS, and C02 into aqueous MDEA solutions. The sensitivity of these absorption experiments toward the reaction rates of COS was only very minor, and consequently, these experiments cannot be seen as a confirmation of the kinetic data presented by Al-Ghawas et al. (1989) .
The penetration theory absorption model developed in the present work was applied to investigate the discrepInd. Eng. Chem. Res., Vol. 31, No. 5, 1992 ancies between the present experimental data and the kinetic data reported by Al-Ghawas et al. (1989) . Model calculations were carried out for all data presented by Al-Ghawas et al. (1989) applying the kinetic rate constants obtained in part 1 of the present work and the physical data provided by Al-Ghawas et al. (1989) . The total concentration COS in the bulk of the liquid which flows through the reactor is zero, because Al-Ghawas et al. (1989) report the use of freshly made solutions for each experiment. A survey of the input data used in the model simulations is presented in Table V together with the calculated enhancement factors. For all experiments reported by Al-Ghawas et al. (1989) enhancement factors equal to 1 were calculated with the model of the present study, which expresses that the absorption rate is entirely determined by physical absorption. Hence, the enhancement factors observed by Al-Ghawas et al. (1989) cannot be explained by the kinetic data for MDEA determined in part 1 of the present study. A possible explanation for this discrepancy may be the presence of small amounts of rapidly reacting primary and secondary amines in the tertiary amine solutions applied by Al-Ghawas et al. (1989) . Especially at very low amine conversions, as encountered in the wetted sphere absorber, the absorption rate can be affected considerably by small amounts of contaminants as has been shown for C02 absorption rates into tertiary amine solutions by Versteeg and van Swaaij (1988a) .
The present model offers the option to describe the absorption of COS in a mixture of a tertiary amine and a primary or secondary amine. Calculations were carried out assuming the presence of small amounts of the secondary amine methylmonoethanolamine (MMEA). The reaction between COS and aqueous solutions of MMEA has been investigated by Littel et al. (1992~) . The reaction mechanism was found to be a zwitterion mechanism, and the overall reaction rate was entirely determined by the deprotonation of the zwitterion. In this zwitterion deprotonation all bases present in solution will take part and the overall reaction rate between COS and MMEA will increase considerably if large amounts of tertiary amine are present (see also Littel et al., 1992d) . This interaction between MMEA and MDEA has not been taken into account, however, in the present model calculations. In Figure 5 the calculated absorption rate for a MMEA/ MDEA mixture is plotted as a function of the MMEA concentration for one of the kinetic experiments reported by Al-Ghawas et al. (1989) . This figure clearly shows the large effect of relatively small amounts MMEA on the absorption rate. If the underestimation of the COS sohbility, which follows from Figure 4 , is taken into account, the absorption rate observed by Al-Ghawas et al. (1989) could be explained by a MMEA concentration of about 80 mol m-3 (Le., 3 mol %). This seems a rather large contamination. However, it should be considered that the interaction between MMEA and MDEA, which is likely to increase the reaction rate of COS with MMEA substantially, has not been taken into account. The presence of small amounts of contaminants might also explain the absence of COS hydrolysis products (H2S, C02) reported by Al-Ghawas et al. (1989) because stable thiocarbamates can be formed between COS and primary or secondary amines.
Conclusions
Absorption experiments of COS into aqueous solutions of MDEA and DEMEA have been carried out in a stirred cell reactor at 303 K. The experiments were interpreted by means of a numerically solved absorption model using the kinetic data obtained in part 1 of the present work (Littel et al., 1992b) .
Experimental and calculated absorption rates agreed reasonably well at relatively low amine concentrations but deviated increasingly with increasing amine concentration. It has been argued that these deviations very probably must be attributed to an underestimation of the COS solubility in rather concentrated amine solutions. The observation that the COS-N20 analogy is only valid for relatively diluted aqueous solutions is in agreement with other work (Littel et al., 1992a,c) .
The absorption model has been applied to investigate the discrepancies between the present work and the kinetic data reported by Al-Ghawas et al. (1989) . It has been shown that the absorption rates measured by Al-Ghawas et al. (1989) were possibly affected considerably by small amounts of rapidly reacting contaminants. simultaneous production of a valuable gas. Today it seems to be not economically competitive, and research on it has ceased in some laboratories. Nevertheless in some scenarios it could be attractive. The state of the art and ita
